The reuse of gray water for applications ranging from irrigation to showering is a viable means to reduce net water demand when water supplies are stressed. The objective of this study was to investigate the treatment of gray water using biologically active granular-activated carbon (GAC) and 
INTRODUCTION
As water stress continues to increase throughout the world, the capability to treat and reuse gray water for a broad range of reuse applications will be needed. In the USA, reuse of gray water is generally limited to toilet flushing as the highest tier with respect to human exposure (USEPA ). In many states, guidance for gray water reuse has yet to be adopted (Sharvelle et al. ) . However, in countries such as Australia, and in deployed scenarios such as contingency bases for the US military, direct reuse of gray water for higher tier applications, such as showering and/or laundering, is already being practiced (Fifty ) . As a growing capability area, gray water treatment for a broad range of reuse activities will continue to be improved in terms of robustness and energy efficiency while still providing high quality water with low health risks. Because gray water has distinct features, further study of its treatment and customization of associated treatment technologies is necessary.
Gray water is defined herein as the waste water generated by bathroom sinks, showers, and laundry facilities
The objective of the present study was to evaluate several candidate low-logistics water treatment technologies in terms of their ability to efficiently control particulate and organic contaminants in gray water. Specifically, the use of biologically active granular-activated carbon filtration and potentially complementary technologies was explored.
Component technologies and strategic multi-barrier combinations were challenged using synthetic gray water that BAC filtration studies were performed using a 5-cm diameter PVC column with a bed depth of 20 cm. GAC media was prepared as described above, with the exception As an alternative to conventional continuous BAC studies, a new IOBAC approach was investigated. The IOBAC filtration studies were performed as described for the BAC filtration studies, with the exception that the filters were challenged with a higher flux (4 Lpm/m 2 ) for two abbreviated intervals each day, followed by periods of nonoperation in which the filters were completely drained.
IOBAC filter treatment volumes were equivalent to those used in the BAC studies but were loaded cyclically at higher rates for 4 hours, followed by an 8 hours bioregeneration period, such that the same daily loadings were achieved. Under this operating condition, the IOBAC filters were tested for over 120 days to assess the self-cleaning bioregeneration effect for sustained filter capacity. Coagulation experiments were performed using a cationic polymeric coagulant, poly(acrylamide-co-diallydimethyl-ammonium chloride) (PDM), obtained from SigmaAldrich. Jar tests were conducted in 150-ml cylindrical batch reactors using identical mixing conditions for rapid mix (650 rpm, 2 minutes), flocculation (150 rpm, 15 minutes), and settling (0 rpm, 120 minutes). In order to remove the resultant low-density flocs from solution, samples were centrifuged at 1,500 rpm for 10 minutes. Positive controls with no coagulant were subjected to the same process to account for any particulate or organics removal associated with the centrifugation step.
Membrane filtration studies were performed using hollow fiber polyether sulfone MF and UF filters from Ster- 
RESULTS AND DISCUSSION
Influent water quality data for the gray water tests in this study are shown in Table 2 . Average values, number of replicates (n), and 95% confidence intervals are presented. Also However, while sustained removal of organics was achieved, effluent from the continuous BAC filter was odorous, based on human observation during experimentation, due to anoxic and/or anaerobic conditions within the continuously operated biofilters.
As an alternative to conventional continuously operated BAC filtration, a newly developed IOBAC was assessed. In the IOBAC approach, aerobic conditions are promoted through the application of intermittent loadings at higher rates followed by draining and idling of the filter for sustained periods to facilitate biodegradation. This new approach could also accommodate intermittent loading schedules common in gray water systems, and it reduces odor-generating anoxic and/or anaerobic biodegradation activity within the media bed. The IOBAC filter was tested that study used metal salt coagulants followed by a settling step and was tested for a relatively short period. The use of biodegradable polymeric coagulant in the present study may lead to better sustained performance.
The potential benefit of applying coagulation and sedimentation alone was also considered in this study.
Previous studies have explored the utility of conventional metal salt coagulants with some success ( The use of MF and UF membrane technology for the treatment of gray water was also investigated in this study.
A summary of results is provided in Table 4 The membrane bioreactor may be the most promising of the previous technologies studied, as it includes a combined biological and physical approach.
In the updated USEPA Guidelines for Water Reuse (USEPA ), the recommended water quality limits for unrestricted reuse are 30 mg/L BOD, 5 NTU, and 100 colony forming units (cfu)/100 ml fecal coliform bacteria.
For unrestricted, non-potable urban reuse, the rec- The PDM/IOBAC/UF approach may also be beneficial for higher tier reuse applications. Aside from guidance for Army field operations generated by the United States Army 
CONCLUSIONS
This study compared the performance of various water treatment methods for the removal of organic and particulate contaminants from gray water. Based on the results, the following conclusions are made:
• BAC filtration provided sustained removal of organics from gray water. A new IOBAC, in which the BAC filter is periodically taken off-line and drained to facilitate passive aeration, still provided sustained performance after months of operation. The IOBAC approach may be well suited for managing intermittent flows, and it may also reduce odor of the product water by promoting aerobic bioregeneration.
• A combination of polymeric coagulant, IOBAC filtration, and UF exhibited an additive treatment effect by targeting complementary contaminant fractions of the gray water matrix, reducing turbidity and COD levels by 99.5 and 94%, respectively. Therefore, this strategic combination of technologies could support reuse applications ranging from irrigation to toilet flushing. To support higher tier reuse applications such as showering, the technologies studied herein could be considered for efficient pretreatment ahead of advanced purification technologies such as RO.
